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Drosophilaa b s t r a c t
Data on long-distance enhancer-mediated activation of gene promoters and complex regulation of
gene expression by multiple enhancers have prompted the hypothesis that the action of enhancers
is restricted by insulators. Studies with transgenic lines have shown that insulators are responsible
for establishing proper local interactions between regulatory elements, but not for deﬁning inde-
pendent transcriptional domains that restrict the activity of enhancers. It has also become apparent
that enhancer blocking is only one of several functional activities of known insulator proteins,
which also contribute to the organization of chromosome architecture and the integrity of regula-
tory elements.
 2013 Published by Elsevier B.V. on behalf of the Federation of European Biochemical Societies.1. Introduction
The complexity of regulatory systems in higher eukaryotes, fea-
turing many distantly located enhancers that nonetheless properly
activate the target, has promoted the hypothesis that the action of
enhancers is restricted by a special class of regulatory elements,
named insulators (reviewed in [1,2]). Insulators were regarded as
genomic regulatory elements (nucleoprotein complexes) that have
two characteristic properties: they can block the action of an en-
hancer on a promoter when interposed between them and can pro-
tect the transgenes they ﬂank from chromosomal position effects
[3–7].
On the basis of these properties, it was initially suggested that
insulators form functionally independent units of gene regulation
(reviewed in [8]). However, recent advances in genome-wide stud-
ies of chromatin architecture and new insights in insulator proper-
ties suggest a revision of the initial concept on the role of these
elements in gene regulation. This review is an attempt to summa-
rize recent updates in the study of Drosophila insulators and make
some general conclusions concerning the mechanisms of enhancerblocking and the role of insulators in gene regulation and chromo-
some architecture.
2. Drosophila insulators
2.1. Drosophila insulators are a diverse group of elements
Drosophila is a unique model organism to study the properties
of insulators. Using transposon-mediated transformation or
attP-phage-based integration and manipulation with recombina-
tion systems, it is possible to obtain different combinations of reg-
ulatory elements in the same genomic position and study the role
of a particular regulatory element in reporter expression [9–11].
Many different insulators have been characterized in the
Drosophila genome. In particular, they include the scs and scs’ insu-
lators at the boundaries of the domain consisting of two heat shock
70 genes [5,6]; Wari [12] and 1A2 [13,14] insulators located on the
30 side of the white and yellow genes, respectively; insulators ﬂank-
ing the promoter regions of the Notch gene [15]; and the insulator
that separates two closely spaced promoters of divergently ori-
ented genes [16]. Insulators have been found in the regulatory re-
gions of the homeotic gene complexes bithorax (BX-C) [17–21] and
antennapedia (ANT-C) [22]. Some Drosophila retrotransposons, such
as gypsy or Ideﬁx, also contain insulators in their regulatory region
[4,23].
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Insulator activity is realized through proteins bound to the
insulator. For most of known insulators, there is a key protein that
speciﬁcally binds to DNA. Three insulator proteins – Su(Hw), Zw5,
and dCTCF, a Drosophila homolog of vertebrate insulator protein
CTCF – have multiple C2H2 zinc ﬁngers [24–26]. Some of these zinc
ﬁngers determine a speciﬁc DNA binding site for a given protein.
The best studied insulator located in the regulatory region of the
gypsy retrotransposon contains 12 reiterated potential binding
sites for the Su(Hw) protein [4]. In contrast, many endogenous
insulators contain only one or two binding sites for Su(Hw)
[27–29]. Binding sites for dCTCF have been found in most bound-
ary elements of the bithorax complex that separate regulatory iab
enhancers involved in regulation of the abd-A and Abd-B genes
[30,31]. Some of these boundary elements function as insulators
in an enhancer-blocking assay in transgenic lines [19,21]. In addi-
tion, ﬁve out of eight randomly tested dCTCF binding regions
proved to have a strong enhancer-blocking activity [32]. The Zw5
protein preferentially binds to promoter regions [29]. In particular,
a Zw5 site is located in the promoter bordering the scs insulator
[25,33]. The sequences consisting of four binding sites for the
Su(Hw), dCTCF, and Zw5 proteins function as effective insulators
in an enhancer-blocking assay [10,34,35].
Su(Hw) interacts with CP190 and the Mod(mdg4) isoform
named Mod(mdg4)-67.2 [36–40]. The dCTCF protein also interacts
with CP190 [30,41].
GAF has been implicated in the activity of one insulator from
BX-C, named Fab-7 [20]; the SF1 insulator from ANT-C [22]; and
the insulator located between two divergently expressed genes,
myoglianin and eyeless [16]. Unlike Su(Hw), CTCF, and Zw5, the
GAF protein has only a single C2H2 Zn ﬁnger that is required for
binding to the GAG sequence [42,43].
The GAF, Mod(mdg4)-67.2, and CP190 proteins have a BTB
(bric-a-brac, tramtrack and broad complex)/POZ (poxvirus and zinc
ﬁnger) domain at the N-terminus. All well-studied mammalian
BTB domains form obligate homodimers and, rarely, tetramers
[44]. The BTB domains of the Drosophila GAF and Mod(mdg4)-
67.2 factors belong to the ‘‘ttk group’’ comprising several highly
conserved sequences that are not found in other BTB domains
and exist as higher-order multimers [42,45–47]. The BTB domains
of ‘‘ttk’’ group have been shown to extensively interact with each
other [42,47–50].
Su(Hw), dCTCF, and GAF are ubiquitous proteins. In contrast to
most of transcription factors, Su(Hw) and dCTCF mainly have con-
stitutive binding sites in different cell lines and Drosophila tissues
[29,32,51,52], suggesting that these proteins can effectively bind
to chromosomes during the cell cycle.
The boundary element-associated factor, named BEAF, have
been identiﬁed based on their interaction with the scs’ insulator
element [53,54]. BEAF has atypical C2H2 zinc ﬁnger DNA binding
domain, termed BED ﬁnger, at the N termini. The C-terminal do-
main is required for trimerization of the BEAF protein [54,55]. Each
subunit of the BEAF complex targets one CGATA motif, while BEAF
trimers bind with high afﬁnity to clusters of CGATAmotifs [54]. The
results of genome-wide analysis show that BEAF preferentially
binds to the clusters of suchmotifs in the promoter regions of active
genes and is required for stimulating their transcription [56,57].
A new insulator complex recently described in Drosophila,
named ELBA [58], is composed of two proteins, Elba1 and Elba2,
sharing a conserved C-terminal ‘BEN domain’ that mediates DNA
binding. The third protein, Elba3, is responsible for ‘‘dimerizing’’
the Elba1-2 BEN domains and is encoded by a gene that is closely
linked to Elba1. Thus, in this case the dimerization domain is
required for cooperative binding of two BEN domains tocorresponding insulator sites. ELBA activity is developmentally re-
stricted, because two of the three Elba proteins (Elba1 and Elba3)
are encoded by mid-blastula transition genes [58]. It has been
shown that ELBA is required for the enhancer-blocking activity of
the Fab-7 insulator.
3. Studies on Drosophila insulators in transgenic model systems
3.1. Interaction between insulators leads to partial neutralization of
their activity
The main property of an insulator is the ability to block the
activity of an enhancer when positioned between it and a pro-
moter. In Drosophila, scs is the strongest insulator that almost com-
pletely blocks all tested enhancers [6,59,60]. The activity of gypsy
insulator depends on the enhancer–promoter pair. For example,
this insulator completely blocks the yellow enhancers [4], but only
slightly affects the activity of the eye enhancer that is responsible
for white expression in the eyes [61]. This may be partially ex-
plained by differences in the strength of enhancer–promoter inter-
actions. For example, the Zeste protein is speciﬁcally involved in
communication between the eye enhancer and white promoter
and allows the eye enhancer to bypass the gypsy insulator [62].
All other insulators studied can only partially block enhancer activ-
ity in transgenic lines [10,12,13,19–22,25,28,59,61,63–66]. As a
rule, insulator activity is strongly dependent on the insertion site
of a transposon. Such a position dependence of enhancer blocking
may be due to the inﬂuence of the surrounding chromatin struc-
ture on the enhancers tested. Recent data obtained with transgenic
lines show even weak transcription through enhancers markedly
suppresses their activity [67]. Thus, it appears that the level of en-
hancer blocking in transgenic lines is directly correlated with en-
hancer strength [68].
In many experiments with different insulators in transgenic
lines, it was found that two identical insulators neutralized each
other’s enhancer-blocking activity when inserted between an en-
hancer and a promoter [59,69–71]. If the original distance between
the enhancer and promoter was large or they were separated by an
additional gene, the enhancer failed to effectively stimulate the
promoter. When two identical insulators were inserted in close
proximity to the enhancer and promoter, enhancer–promoter
communication was facilitated. Thus, the pairing of insulators
proved to shorten the distance between the enhancer and pro-
moter, thereby improving their interaction. Partial neutralization
of enhancer-blocking activity was also observed in case of pairing
between different insulators, e.g., gypsy (12 Su(Hw) binding sites),
1A2 (two Su(Hw) binding sites), and Wari (no Su(Hw) binding
sites) [10].
Similar results were obtained with Polycomb group response
elements (PRE) that silence neighboring genes. In transgenic lines,
PRE displayed long-range repression of two reporter genes simul-
taneously, which was blocked when a strong insulator, such as
gypsy or scs, was inserted between PRE and reporter genes [72–
74]. However, ﬂanking the ﬁrst reporter gene by two identical
gypsy insulators led to repression of the second reporter gene
[74]. In this case, the interaction between the gypsy insulators
was found to bring the PRE silencer in close proximity to the pro-
moter of the second reporter gene, inducing repression. The phys-
ical interaction between two gypsy insulators in these transgenic
lines was conﬁrmed by 3C technique [75].
Testing transgenic lines with three copies of the Su(Hw) insula-
tors inserted in different combinations between enhancers and
two reporter genes (Fig. 1A) strongly suggested that all three cop-
ies interacted simultaneously [10,76]. It was found that two insu-
lators inserted between the enhancer and promoter of the ﬁrst
Fig. 1. Interactions between Drosophila insulators: (A) interactions between three
copies of the same or different insulators (gypsy, 1A2 and Wari); (B) orientation-
dependent interactions of two insulator copies; (C) a model of speciﬁc long-
distance interaction between two copies of an insulator.
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additional insulator was inserted between the ﬁrst and second
genes, the enhancers stimulated both genes equally. When two
insulators ﬂanked the ﬁrst gene, the enhancers could activate only
the second gene. These results suggest that interactions between
insulators can positively or negatively regulate local enhancer–
promoter communication.
3.2. Orientation-dependent interactions of insulators
The results of the ﬁrst studies on pairing between two identical
copies of insulators were contradictory, because some pairs of
insulators tested failed to neutralize each other’s enhancer-block-
ing activity [59,63]. To explain these ﬁndings, it was suggested that
identical insulators interact in an orientation-dependent manner
[77]. This hypothesis was conﬁrmed by using an assay based on
the inability of the yeast GAL4 activator to stimulate the white pro-
moter across the yellow gene. Insulators tested for interaction were
inserted in close proximity to the GAL4 binding sites and the white
promoter (Fig. 1B). When two identical insulators were in opposite
orientations, the conﬁguration of the resulting chromatin loop was
favorable for interaction between the promoter and GAL4 activator
binding element located outside the loop. When the insulators
were in the same orientation, GAL4 activator failed to stimulate
the white promoter. All pairs of insulators included in analysis
proved to interact in an orientation-dependent manner
[34,35,77]. Similar results were obtained when analyzing the effect
of two gypsy insulators on site-speciﬁc recombination between FRT
sites catalyzed by yeast Flp recombinase [78]: the gypsy insulators
inserted between the FRT sites in opposite orientations markedly
facilitated their FLP-mediated recombination, while the insulators
in the same orientation suppressed this process.
To explain the mechanism of orientation-dependent interaction
between insulators, we suggest that all tested insulators contain
not only the key DNA-binding proteins (speciﬁc for each insulator)
but also binding sites for one or several additional, as yet unknown
insulator-like proteins, and that it is speciﬁc protein–proteininteractions that determine the relative orientation of paired insu-
lators (Fig. 1B). Indeed, the dCTCF, SU(Hw), and Zw5 proteins have
homodimerization domains at the amino termini that may be
important for speciﬁc long-distance interactions (A. Golovnin and
A. Bonchuck, unpublished data). Strong functional interactions
have been revealed between DNA fragments containing binding
sites for Zw5, Su(Hw), or dCTCF alone but not between heterolo-
gous binding sites [Zw5–Su(Hw), dCTCF–Su(Hw), or dCTCF–Zw5]
[35]. Thus, these insulator proteins are able to support speciﬁc
long-distance interactions.
Several studies suggest that BTB domains play an important
role in organizing long-range interactions between regulatory ele-
ments. For example, the GAF protein was shown to support distant
GAL4 stimulation of the promoter in heterologous model systems
like yeast and mammalian cell line [46,79]. However, in contrast
to Zw5, dCTCF, or Su(Hw), binding sites for GAF do not support dis-
tant interaction in Drosophila transgenic lines [47]. Thus, there is
no conclusive experimental evidence for the ability of GAF to sup-
port long-distance interactions in Drosophila. On the other hand,
oligomerization of the BTB domains is required for cooperative
binding of GAF to many adjacent sites in the same regulatory re-
gion (enhancer, insulator, or promoter) [80]. A similar role may
be played by the self-association domain located at the C-terminus
of BEAF protein [54,55]. The relevant data are somewhat ambigu-
ous but nevertheless indicate that the multimerized BTB domains
of the Mod(mdg4)-67.2 and GAF proteins may be involved in sta-
bilization of long-distance interactions.
The BTB domain of CP190 forms an obligate homodimer [47]
and is required for the interaction with Su(Hw) and dCTCF proteins
(A.B. and A.G., unpublished data). Thus, the answer as to how this
domain can be involved in long-distance interactions is not as
obvious as is supposed in a recent study [81].
3.3. Insulators can support functional interactions between regulatory
elements across megabase distances
In contrast to vertebrates, Drosophila homologous chromo-
somes are paired in the interphase nuclei [82]. Many tested insula-
tors block the activity of enhancers more effectively when the
corresponding construct is present on both homologous chromo-
somes. For example, the gypsy insulator inserted between the
eye-speciﬁc enhancer and promoter of the white gene failed to
effectively block enhancer–promoter communication [61]. How-
ever, in transgenic lines homozygous for the construct, the eye en-
hancer was completely blocked due to pairing between the gypsy
insulators located on the homologous chromosomes. Likewise,
pairing between the gypsy insulators blocked unequal recombina-
tion between FRT sites located on homologous chromosomes [78].
Thus, insulators may contribute to pairing of homologous chromo-
somes in the interphase nucleus. It is noteworthy that one isoform
of the Mod(mdg4) protein is required for pairing and segregation of
homologous chromosomes during meiosis in males [83].
In Drosophila, a phenomenon named transvection has been de-
scribed. Its essence is that pairing between homologous chromo-
somes allows an enhancer located on one chromosome to
stimulate promoter located on the homologous chromosome
[82]. However, the level of trans-activation of a promoter by an en-
hancer is strongly dependent on the genomic site of transgene
insertion [84,85]. The presence of gypsy insulators on both homol-
ogous chromosomes, even at a distance of 9 kb downstream from
the promoter, dramatically improves the trans-activation of yellow
[85]. Thus, the interaction between gypsy insulators improves the
pairing between the homologous chromosomes.
The gypsy insulators have also proved to stabilize trans-activa-
tion between enhancers and the promoter located even at meg-
abase distances [85]. Likewise, Fab-7 and Mcp insulators support
Fig. 2. Mechanisms of insulator action: (A) enhancer blocking is produced by a tight
insulator loop; (B) enhancer–promoter interaction is restored when the enhancer is
located in a large chromatin loop formed by interacting insulators; (C and D)
orientation-dependent enhancer blocking with the enhancer inserted in a loop
between insulators in close proximity to the upstream one; (E) enhancer–promoter
interaction and gene expression are improved by an insulator located outside the
enhancer–promoter loop; (F) an insulator interferes with proper organization of
enhancer–promoter communication.
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These long-range functional interactions were conﬁrmed in exper-
iments demonstrating physical co-localization of two insulator-
containing constructs by in vivo ﬂuorescence imaging and chromo-
some conformation capture (3C) methods [86]. Such interactions
were usually observed in the same arm of chromosome. These re-
sults are evidence that two identical insulators can organize and
support stable interactions across megabase distances.
In the model proposed to explain this property of insulators
(Fig. 1C), it is assumed that different self-interacting insulator-like
proteins bind to these elements, providing the possibility of multi-
ple protein–protein interactions between two identical insulators.
The set of these proteins is speciﬁc for each insulator type, which
ensures speciﬁcity of long-range interactions between identical
insulator complexes, despite the presence of numerous binding
sites for any of individual insulator proteins in the intervening
chromatin segments.
4. Mechanisms of enhancer blocking and role of insulators in
transcriptional regulation
4.1. Insulators can stimulate the activity of promoters and enhancers
As found in experiments with transgenic lines, insulators lo-
cated on the 30 side of genes interact with promoters, and these
interactions are in some cases required for the activity of promot-
ers [61,89]. It appears that the interaction of insulators with pro-
moters is not promoter-speciﬁc. For example, the 1A2 insulator
can interact with three different promoters in transgenic con-
structs [89]. Insulator proteins can probably interact with general
transcription factors of the TFIID complex bound to promoters. In-
deed, it has been shown that TAF3, a subunit of the TFIID complex,
interacts with vertebrate insulator protein CTCF [90]. In Drosophila,
insulator proteins such as GAF [91] and dCTCF (A.B. unpublished)
interact with TAF3, suggesting that such an interaction is con-
served among higher eukaryotes. It was also found that the gypsy
insulator located downstream of the white gene could stimulate
its expression by the upstream eye enhancer in transgenic lines.
A direct interaction between the enhancer and the gypsy insulator
was conﬁrmed by 3C [61]. Likewise, the gypsy insulator placed as
far as 5 kb downstream of the yellow gene in transgenic lines could
stimulate the promoter weakened by partial deletion [92]. In addi-
tion to the possible role of a gene loop in the enhancement of RNAP
II recycling and mRNA export, insulators may serve to bring to the
promoter the remodeling and histone modiﬁcation complexes that
improve the binding and stabilization of TFIID and enhancer com-
plexes. For example, Su(Hw) insulators recruit SAGA and Brahma
complexes that associate with transcriptionally active genome re-
gions [93]. The maintenance of promoter activity can be one of the
main function of insulators, since endogenous insulators have of-
ten been found in the 30 regions of genes [12–14] and insulator
proteins such as Zw5, BEAF, GAF, and dCTCF preferably have bind-
ing sites in promoter regions [29,32].
4.2. Mechanisms of insulator actions and role in gene regulation
Different variants of structural models have been proposed to
explain the action mechanism of insulators (reviewed in [8]).
According to these models, insulators interact with each other or
with some nuclear structures (e.g., the lamina or nuclear matrix),
which leads to formation of chromatin loops and, consequently,
constrains the interaction between an enhancer and a promoter lo-
cated in different loops. To date, the chromatin loop models have
been supported only by a few pieces of indirect experimental evi-
dence [33,66,94–96]. On the other hand, many studies with trans-
genic lines have shown that the formation of chromatin loops isnot the main mechanism of enhancer blocking. In most cases, even
ﬂanking of an enhancer or a gene by interacting insulators resulted
in only a slight increase in blocking activity [10,21,60,61,77]. The
only exception was the chromatin loop formed by the gypsy insu-
lators, which proved to be clearly involved in blocking the eye en-
hancer–white promoter interactions in transgenic lines [61]. The
enhancers placed in the loop ﬂanked by these insulators were
blocked [61,76], which could be explained, in particular, by con-
straints imposed by this tight loop on the ability of proteins bound
to the enhancer and promoter to interact properly so as to stimu-
late transcription (Fig. 2A). An increase in the distance between the
insulators to 7–9 kb restored communication between the enhanc-
ers and promoter [76,97], indicating that the interaction between
the insulators in this case did not interfere with the proper interac-
tion between proteins bound to the enhancer and promoter
(Fig. 2B). A speciﬁc situation for enhancer blocking is when the
enhancers and promoters are located in close proximity to the
paired insulators [61,77]. For example, the eye enhancer was in-
serted in a 5-kb loop ﬂanked by the gypsy insulators, close to the
upstream insulator. In this conﬁguration, the gypsy insulators lo-
cated in the same orientation proved to bring together the eye en-
hancer located within the loop and the white promoter located
outside the loop (Fig. 2C). When the gypsy insulators were in oppo-
site orientations, they blocked enhancer–promoter communication
(Fig. 2D). Therefore, the position of an enhancer relative to gypsy
insulators within the loop appears to be critical for the functional
outcome of loop formation. Taken together, the results obtained
with Drosophila transgenic lines strongly suggest that chromatin
loops formed by insulators play only an auxiliary role in enhancer
blocking.
A decade ago, Pamela Geyer proposed a ‘‘decoy model’’ postu-
lating that the insulator complex binds to an enhancer or promoter
complex to neutralize it or traps its vital components [98]. A grow-
ing body of experimental evidence that insulators interact with
enhancers and promoters strongly supports the model that insula-
tor-bound proteins directly interfere with proper enhancer–pro-
moter interactions. The enhancer-blocking activity of several
insulators depends on general transcription factors that inhibit
RNAP II elongation [91]. The recruitment of Mod(mdg4)-67.2 to
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ing, which is essential for the enhancer–promoter communication
in thewhite locus [61]. In general, when an insulator is located out-
side an enhancer–promoter pair, interactions of insulator proteins
with promoter and enhancer proteins stabilize the formation of the
transcriptional complex and thereby increase gene expression
(Fig. 2E). Conversely, when the insulator is placed between the en-
hancer and the promoter, interactions of insulator proteins with
the general transcription machinery or enhancer bound proteins
interfere with organization of a functional complex between the
latter and the TFIID complex on the promoter (Fig. 2F). As a result,
enhancer-dependent gene stimulation is decreased. This model
better explains why enhancers are only partially blocked by most
of known insulators and why paired insulators neutralize each
other.
The ability of insulators to efﬁciently interact in an orientation-
dependent manner and interfere with proper enhancer–promoter
interactions strongly suggests that insulators are involved in local
organization of enhancer–promoter interactions. An illustrative
example is their role in organizing interactions between the iab
enhancers and Abd-B promoter in the bithorax complex (reviewed
in [99]).
5. Conclusions and perspectives
In recent years, considerable progress has been made in under-
standing chromosome organization (reviewed in [100,101]). High-
resolution chromosome conformation capture approaches have
shown that chromosomes in the human, mouse, and Drosophila
genomes are partitioned into topologically associating domains
(TADs) [102]. Insulator proteins are frequently found at the bound-
aries of these domains. Experiments with Drosophila insulators
show that they can organize and support super-long-range func-
tional interactions between regulatory elements at distances of
up to several megabases [85,86]. However, the results obtained
with transgenic lines argue against a general role of chromatin
loops formed by insulators in blocking enhancer–promoter inter-
actions, suggesting that TADs are likely to shape the architecture
of chromosomes in the nucleus but not to form independent tran-
scriptional domains. On the other hand, insulator proteins are fre-
quently bound to promoters, being probably involved in their
activity. Since enhancer blocking is only one of several functional
activities of the insulator proteins, it appears better to give them
a more general name of ‘‘architectural proteins.’’ It may well be
that more proteins of this type exists in the Drosophila genome.
For example, we have recently identiﬁed two new proteins, Pita
and CG7928, that support long-distance interactions and block en-
hancer or silencer activity (manuscript in preparation). It would be
interesting to know whether the same diversity of insulator/archi-
tectural proteins exist in vertebrate genome.
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